We describe the design, fabrication, and performance of a high-speed, continuously tunable, and resetfree polarization controller based on nematic liquid-crystal ͑NLC͒ microcell wave plates fabricated directly between the tips of optical fibers. This controller utilizes a pulsed driving scheme and optimized NLC materials to achieve a stepwise switching speed of 1 deg͞s, for arbitrary rotation angles with moderately low voltages. This compact microcell design requires no bulk optical components and has the potential to have low insertion loss. We describe the performance of these devices when implemented in polarization mode dispersion compensators for 40 Gbit͞s systems. The good optical properties and the nonmechanical, high-speed, and low-power operation suggest that this type of device might be considered for some applications in dynamic compensation of polarization mode dispersion, polarization analysis, polarization division demultiplexing, and polarization scrambling in high-speed optical communication systems.
Introduction
Recent developments in high-speed wavelength division multiplexed communication systems have created an interest in devices for high-performance polarization management, such as polarization mode dispersion ͑PMD͒ compensation 1 and polarization division multiplexing. 2 Differential group delay ͑DGD͒ between orthogonal polarization modes introduces PMD that must be compensated in fiber-optic communication systems with high per-channel data transmission rates ͑above 10 Gbits͞s͒. In general, PMD fluctuations are random and they vary with time and wavelength in a way that must be compensated dynamically on a per-channel basis in a costeffective way. One approach uses a polarization controller ͑PolCon͒, which transforms an arbitrary input state of polarization ͑SOP͒ to an arbitrary output SOP, and a static high-birefringence optical fiber in front of the receiver. 1 The PolCon transforms the input SOP to the eigenstate of the high-birefringence fiber which, in turn, compensates for the DGD introduced in the optical signal. The PMD fluctuations are typically in the acoustic frequency range ͑Ͻ10 kHz͒. However, the dynamic monitoring and feedback needed for PMD compensation requires a much faster ͑ϳ1-s͒ switching speed for the PolCon. PolCons based on different technologies such as fiber squeezers, 3 LiNbO 3 , 4 and liquid crystals [5] [6] [7] have been demonstrated. Liquid-crystal ͑LC͒-based devices offer some advantages because of their nonmechanical, low-power operation, their ease of fabrication, and their potential to have low loss and be inexpensive.
PolCons based on variable-birefringence nematic liquid crystals ͑NLCs͒ reported earlier 5 have a finite tuning range and hence require complicated resetting algorithms. Devices based on rotatable NLC wave plates 6 avoid this problem, but previous designs required large numerical aperture bulk optics to collimate and to focus light and have millisecond switching speeds. Although rotatable wave plates based on electroclinic materials have been reported to operate with microsecond switching speeds, 7 the thickness required for efficient modulation is large ͓e.g., ϳ40 m for a half-wave plate ͑HWP͔͒. Nonuniformities in the electric field and imperfect LC alignment through these thick cells represent some limitations for this type of device. Here we report the design, fabrication, and performance of a resetfree NLC PolCon that utilizes microcell wave plates formed with microelectrodes patterned directly on the tips of optical fibers. In a pulsed-mode operation, this device is capable of microsecond switching speeds, and it shows other attractive optical characteristics when implemented for PMD compensation in 40 Gbit͞s systems.
Design and Fabrication
Fabrication of the liquid-crystal microcell wave plate begins with photolithographic patterning of two pairs of 0.2-m-thick gold electrodes on the end facet of a fiber mounted in a flat glass ferrule. The core of the fiber lies at the center of the electrodes, which are each 5 m wide and spaced 25 m apart. Rotating two such ferrules by 90°and aligning them with a predetermined spacing forms the microcell wave plate. The alignment of these fiber ferrules was done manually by use of conventional translation stages with micrometer precision in a similar fashion as is usually done in coupling single-mode fibers to waveguide devices. Figure 1͑a͒ shows the schematic of the assembly. A top view of the electrode arrangement is depicted in Fig. 1͑b͒ . The electrodes that are directly opposite each other on the two ferrules were connected together and an electric potential V i ͑͒ ϭ V 0 cos͑i*90 ϩ ͒ was then applied to the ith electrode. V 0 is a 10-kHz square wave with a 100-V peak amplitude. These applied voltages control azimuthal orientation of the optic axis of a NLC layer that is loaded by capillary action into the gap between the fibers. The devices described here use NLC MLC-14200-000 ͑Merck Chemicals͒, which has a large optical birefringence ͑⌬n Ϸ 0.10 at ϭ 1.55 m͒, high dielectric anisotropy ͑⌬⑀ ϭ 29.3͒, relatively low rotational viscosity ͑␥ 1 ϭ 297 mPa at 20°C͒, and a high nematic-isotropic transition temperature ͑T NϪI ϭ 95°C͒. Calculations and quantitative analysis of the experimental results obtained by rotation of the optic axis of the LC layer showed that, for this NLC, the thickness required for a quarter-wave plate ͑QWP͒ and a HWP are ϳ4 and ϳ8 m, respectively. 8 Since the PolCons, in general, are used for continuous tracking and analysis of the input SOP, the microcell wave plates are operated with the field magnitude at a constant and relatively large value. In this highfield regime, the possible misalignment of the director at the thin LC-glass interface has a negligible effect on the overall optic axis orientation. Therefore, we did not apply any alignment layer, which simplifies the fabrication process and avoids some of the long-term reliability challenges associated with changes that can occur in many types of polymer alignment film.
Results
A uniform orientation and switching of the optic axis of the NLC layer requires an electric field that is uniform both in magnitude and direction. For inplane electrodes, the uniformity of the field depends on the electrode width and thickness, their separation, and cell thickness. Figure 2 shows a photomicrograph of the electrodes on the fiber tip and computed electric-field distributions for this configuration; these results were obtained by numerically solving the three-dimensional Laplace equation with appropriate boundary conditions. Figure 2͑b͒ depicts the variation of the magnitude of the in-plane component of the electric field in the midplane between the two substrates for ϭ 0°. Figure 2͑c͒ shows the cosine square of the angular deviation from ϭ 0°. These results show that the orientation of the field is uniform in the central region of ϳ12-m diameter to within ϳ5%. Thus, if the active area of the device is small, such as in a single-mode optical fiber, where the mode field diameter is ϳ10 m, the electrodes can be brought close to each other and still maintain a uniform electric field over the area where the optical intensity is significant. This approach minimizes the operating voltages. We also note that the four-electrode design, which is simpler than the eight-electrode layout reported earlier for a bulk cell, 6 provides an electric field that shows good uniformity over the active area.
The switching speed of NLC material depends on dielectric anisotropy and rotational viscosity of the material, operating temperature, and strength of the driving electric field. We exploited all these parameters to achieve higher switching speed than in conventional devices. Moreover, for the in-plane switching in conventional devices, the speed also depends on the relative orientation of the electric field with respect to the initial orientation of the nematic director. Since the torque that acts on the director at smaller angles is lower, the switching time does not scale linearly with angles, i.e., a continuous rotational speed of 45°in 45 s does not correspond to a discrete rotation of 1°in 1 s. We developed a driv- ing scheme to overcome this problem by applying a pulsed electric field oriented at larger angles to provide stronger torque for smaller angular rotation. Large torque exerted on the director in the beginning rotates the director faster through smaller angles compared with when the director is rotated only through the smaller angle. This driving approach allows a discrete rotational speed of 1 deg͞s at moderately low applied voltage. Light at 1.55-m wavelength from a laser source was launched to the NLC QWP, and the signal was detected at a photodetector placed after a polarizer. We then rotated the optic axis of the QWP through different azimuthal angles by rotating the electric field, and we recorded the switching time responses of the device. Figure 3͑a͒ depicts the applied potentials to x and y electrodes and the change in the optical intensity when the optic axis of the QWP was rotated by 5°at room temperature by use of V 0 ϭ 100V p with and without a trig- Fig. 2 . ͑a͒ Electrode structure at the tip of the ferrule. The circle represents the perimeter of the 125-m-diameter single-mode fiber and the dot at the center represents its core. The square at the center depicts the base of the 5-m-thick box used in the calculation of the in-plane component of electric field E in the midplane between two substrates for ϭ 0°. ͑b͒ The magnitude of the in-plane component of the electric field. ͑c͒ The cosine square of the angular deviation of the field. The dotted lines represent the location of the electrodes on the substrate plane. The anisotropy of the dielectric constant of the LC was neglected in these calculations. Fig. 3 . ͑a͒ Potentials ͑i͒ and ͑ii͒ applied to x and y electrodes, respectively. At time t ϭ 0, the potentials were switched from the values required to orient the director at ϭ 0 to ϭ 5°. ͑iii͒ Change in optical intensity ⌬I at the photodetector when the director rotates through 5°with ͑solid curve͒ and without ͑dashed curve͒ a triggering pulse. The vertical dotted lines represent the time during which a stronger pulse directed along 60°was applied. ͑b͒ Switching characteristics for a fiber ferrule based NLC QWP for various angular orientations with ͑solid curves͒ and without ͑dashed curves͒ the triggering pulse oriented at 60°. The vertical dashed lines show the corresponding switching times. ͑c͒ Evolution of the SOP of linearly polarized light when the optic axis of the QWP is rotated by 180°. The filled ͑open͒ circles represent the front ͑back͒ of the Poincaré sphere. The slight asymmetry and the tilt in the figure-8 contour are due to the fiber segments between the source and the LC layer and the LC layer and the detector.
gering pulse ͑V t ϭ 200V p ͒ directed at 60°. Figure  3͑b͒ depicts the switching characteristics for various azimuthal orientations with and without the triggering pulse directed at 60°. Clearly, the switching speed improves significantly compared with that without a triggering pulse. We obtained comparable speed with V t the same as V 0 by raising the operating temperature to ϳ75°C. 9 Figure 3͑c͒ shows the evolution of the SOP of a linearly polarized light as the optic axis of the QWP is rotated. The slight asymmetry and the tilt in the figure-8 contour is due to the slight modification of the SOP of the light due to the segments of the fiber between the source and the LC layer and the LC layer and the analyzer. By gluing a 30-m-thick Polarcor UltraThin ͑Corning, Inc.͒ polarizer onto the tip of the optical fiber in front of the LC layer and canceling the effect of the fiber between the LC layer and the detector, we obtained the perfect figure-8 contour as expected for a rotating QWP. 10 A quantitative analysis of the intensity observed after an analyzer yielded a phase retardation of 91.6°. 8 In general, any arbitrary input SOP can be transformed to any arbitrary output SOP by insertion of a HWP between two QWPs and adjustment of the azimuthal orientations of the optic axes of these wave plates. 11 Two microcell QWPs with a microcell HWP between them, all with the design described above, were connected together in series with conventional fiber splices to form a continuously tunable, endlessly rotatable PolCon. Figure 4͑a͒ depicts the insertion loss and polarization-dependent loss of this device over the spectrum of an amplified stimulated emission ͑ASE͒ light source. Clearly, both the insertion loss and the polarization-dependent loss are almost constant over the entire C and L bands at 3.5 and 0.1 dB, respectively. Since the total thickness of the LC layer is less than 20 m and the absorption of the signal by the NLC layer is negligible, calculations show that the insertion loss for the three microcell wave plates could be as low as 0.3 dB. 7 The experimentally achieved insertion loss comes mainly from splice losses and potentially from angular and/or transverse misalignment of fiber cores during packaging. Both sources of loss can be reduced significantly by fusion splicing and efficient packaging.
Even when the length and the bend of the singlemode fiber between the wave plates are minimized, these connecting fibers can transform the SOP in a nontrivial fashion. We employed a crossed polarizer test 12 to evaluate further the performance of the PolCon. The device was placed between a polarization converter ͑consisting of a polarizer, a QWP, and a HWP͒ and a polarizer. An ASE with a broadband spectrum was used as the optical source. The signal from the polarizer was then fed to an optical spectrum analyzer. We launched three different SOPs ͑an orthogonal set as viewed on the Poincaré sphere: two linearly polarized states separated by 90°on the azimuth and a right circularly polarized state͒ by adjusting the azimuthal orientations of the wave plates in the polarization converter, and the NLC PolCon was adjusted to attenuate the input signal to the optical spectrum analyzer. For all three SOPs, by using the NLC PolCon, we were able to attenuate the signal by more than 30 dB over a wide wavelength range ͑Ͼ30 nm͒ around 1550 nm. Since any polarization state can be expressed in terms of these three SOPs, we can infer that the PolCon was able to transform any arbitrary polarization state to any arbitrary polarization state. Figure 4͑b͒ shows the actual spectrum of the source and the spectrum after attenuation by the LC PolCon for one of the SOPs.
The NLC PolCon causes no intrinsic signal distor- Fig. 4 . ͑a͒ Insertion loss and the polarization-dependent loss of the NLC PolCon in the C and L bands. ͑b͒ ASE spectra when the NLC PolCon was adjusted for ͑i͒ maximum and ͑iii͒ minimum transmission between the crossed polarizers. Spectrum ͑ii͒ is the difference between ͑i͒ and ͑iii͒. tions such as pulse shape deformation. We demonstrate this characteristic by superposing the data signal in a 40-Gbit͞s test-bed system with optical noise and then measuring the bit error ratio ͑BER͒ curves at an optically preamplified receiver. For these system tests, a single-stage PMD compensator was built by combining the NLC PolCon with a tunable DGD element. Figure 5 is a schematic diagram of the experimental setup. We first distorted a 40-Gbit͞s 33% return-to-zero signal from the transmitter by introducing first-order PMD by use of a tunable PMD emulator. The PMD emulator consists of a polarization beam splitter that splits the incoming signal into two equal orthogonal polarization states that propagate along optical paths, a tunable delay line in one of the paths, and a polarization beam combiner that combines two polarization states. By adjusting the SOP of the incoming signal using a conventional PolCon ͑POLCON in Fig. 5͒ , we split the incoming signal into two equal orthogonal components. Adjustment of the time delay on one of the paths allowed introduction of various amounts of PMD to distort the signal. The distorted signal was then launched into a first-order PMD compensator that consisted of a NLC PolCon and a DGD element similar to the PMD emulator. We adjusted the PMD compensator manually such that the BER was minimized. For different amounts of PMD introduced, we measured the sensitivity of an optically preamplified receiver. Figure 6͑a͒ shows variation of the BER as a function of the input power to the optical preamplifier. By reducing the launched power to the erbium-doped fiber amplifier we added more ASE noise to the signal in the preamplifier. Any kind of pulse shape distortion would be visible as performance degradation with an increase in the required preamplifier input power for a minimum BER. The insertion loss of the PolCon does not appear in the measurement curves since the preamplifier input power versus the BER is recorded. The sensitivity curves of the equalized signals show no remaining penalty ͑within 0.2-dB measurement accuracy͒. Figure 6͑b͒ shows the eye diagram when the 100-ps DGD was introduced in the system before ͑top͒ and after ͑bottom͒ PMD compensation. This demonstrates that the NLC PolCon can be used in high-speed transmission without causing additional signal distortion.
Summary
We have developed a PolCon based on NLC microcell wave plates fabricated directly between the tips of optical fibers. A switching speed of 1 deg͞s was demonstrated with these devices at moderately low operating voltages. The PolCon is capable of transforming any arbitrary input SOP to any arbitrary output SOP with reset-free operation. Although the observed insertion loss is not at the theoretical minimum, it can be reduced significantly by efficient alignment and packaging of the fiber ferrule assemblies. This PolCon shows no signal distortion when implemented in PMD compensation in 40-Gbit͞s system tests. Our current research focuses on implementing this device for dynamic PMD compensation and related polarization management systems. . ͑a͒ Receiver sensitivity after PMD compensation compared with the back-to-back operation ͑no PMD, without NLC PolCon͒ in a 40-Gbit͞s 33% return-to-zero transmission system for different amounts of DGD. ͑b͒ Eye diagrams for 100-ps DGD before PMD compensation ͑top͒ and after PMD compensation ͑bot-tom͒.
